Selective laser melting (SLM) process was used to prepare the nanocrystalline titanium carbide (TiC)-reinforced Inconel 718 matrix bulk-form nanocomposites in the present study. An in-depth relationship between SLM process, microstructures, properties, and metallurgical mechanisms was established. The insufficient laser energy density (g) input limited the densification response of shaped parts due to the formation of either larger-sized pore chains or interlayer micropores. The densification of SLM-processed part increased to a near-full level as the applied g was properly settled. The TiC reinforcements generally experienced successive changes from severely agglomerated in a polygon shape to the uniformly distributed with smoothened and refined structures on increasing the applied g, while the columnar dendrite matrix exhibited strong epitaxial growth characteristic concurrently. The optimally prepared fully dense part achieved a high microhardness with a mean value of 419 HV 0.2 , a considerably low friction coefficient of 0.29, and attendant reduced wear rate of 2.69 Â 10 À4 mm 3 /N m in dry sliding wear tests. The improved densification response, SLM-inherent nonequilibrium metallurgical mechanisms with resultant uniformly dispersed reinforcement microstructures, and elevated microhardness were believed to be responsible for the enhancement of wear performance.
I. INTRODUCTION
Nickel-based superalloys are typically used as hightemperature service parts in industrial and aerospace fields where good combination of high workability and mechanical properties are required. 1 Inconel 718, a Ni-Cr-Fe-based austenitic superalloy, has found wide applications including in gas turbine wheel blades, nuclear reactors, containers, and fossil fuel components, due to its outstanding creep performance, tensile properties, oxidation resistance, and hot corrosion resistance. 2 As the most attractive candidate material of hot-end components, Inconel 718 can retain its mechanical strength over a wide range of temperatures. This high-temperature strength was confirmed to be attributable to the inherent solid-solution strengthening and/or precipitation strengthening mechanisms. 3 Though the Inconel 718 alloy was originally developed for the manufacture of gas turbine wheel blades four decades ago, it has found extensive applications in various fields afterward and still been regarded as today's most widely used superalloy in the world. 4 Particularly, the environments that Inconel 718 superalloy has been subjected in the above applications generally involved a wide variety of corrosion, oxidation, and wear at elevated temperatures. Nevertheless, with the rapid development of modern industry, still higherperforming Inconel 718 parts are on increasing demand as working conditions of hot-end components reached ever higher temperatures in search of greater efficiency.
Metal matrix composites (MMCs), reinforced with discontinuous ceramic reinforcements, are considered as important structural materials, owing to their high specific modulus and strength, high stiffness, and good fatigue properties. 5, 6 Unlike the continuous fiber reinforcements, the incorporation of ceramics in a raw powder material form to obtain discontinuously reinforced MMCs is widely believed to be one of the most cost-effective and environmentally protective strategies. 7 The MMCs demonstrate their superiority compared with the pure parts for significantly increased not only of high harness (wear resistance), but also of high-temperature mechanical performance. 8 Nevertheless, the interfacial bonding ability between the hard reinforcements and the relatively ductile metal matrix, which govern the overall mechanical properties of MMCs, is generally limited due to the poor wettability between the ceramic particles and metals. The weak bonding presented at the ceramic/metal interface is prone to crack during the mechanical loading, leading to the premature failure of MMCs (reinforced with discontinuous ceramic reinforcements). Generally, this problem may become even aggravated as larger-sized particles are incorporated to form the MMCs.
It is well known that the particle size played a key role in determining the strength, ductility, and the failure mode of MMCs. Higher surface-to-volume ratio of reinforcements can be obtained on decreasing the ceramic particle size, which may bring about the significant improvement of interfacial adhesion performance. 9 Based on this point of view, recent research attempts have focused on studies of nanocomposites by decreasing the reinforcement particle size down to nanometer level. 10 To achieve substantial increment of mechanical properties of nanocomposites, the densification response should be ascertained by the process technique as the same is of primary importance. On the other hand, the technical challenge of agglomeration behavior that occurred between the nanopowders due to the large van der Waals attractive force should also be taken into consideration, for obtaining homogeneous microstructures and the resultant enhanced mechanical properties.
Selective laser melting (SLM), as a laser-based material additive manufacturing (AM) technology, has the unique capability of quick production of three-dimensional (3D) objects with an almost unchallenged freedom of design. 11 During the SLM shaping process, the computer-aided design (CAD) model of the user-designed component is sliced into layers mathematically and the attendant layer files are transmitted to a computer-controlled manufacturing system. The component is then built using a high-energy laser beam to fuse and consolidate the prespread loose powders selectively according to the corresponding two-dimensional (2D) cross-section of the sliced object CAD model in a layer-by-layer way. SLM is processed based on a full melting/solidification mechanism involving a unique nonequilibrium nature, wherein the laser irradiated zone can rapidly heated up to 10 5 K and followed by a rapid cooling at a rate up to 10 6-7 K. 12 It thus provides the high potential for development of nonequilibrium phases with fine-grained microstructures and novel metallurgical properties. 12 As per recent developments, the application of SLM technology is expected to produce nanocomposites with sound mechanical property performance. Nevertheless, significant research efforts are still required to study the metallurgical mechanism and microstructural development due to the complicated physical nature of SLM, in which multiple modes of heat, mass, and momentum transfer induced by a dynamic laser scanning were involved. 13 In the present investigation, SLM was applied to prepare the TiC/Inconel 718 nanocomposites in bulk-form. The microstructural characteristics at various laser processing conditions were studied and the mechanical performance in terms of densification, microhardness, and wear resistance was assessed. The objective of this work is to establish a relationship between processing conditions, microstructural characteristics, and mechanical performance of TiC/ Inconel 718 nanocomposites and provide a corresponding theoretical basis which may applicable and/or transferable to other laser-based techniques.
II. EXPERIMENTAL PROCEDURES
A. Powder preparation
The gas-atomized, spherical Inconel 718 powder with a size distribution of 15-45 lm and the polygonal-shaped TiC nanopowder in an average particle size of 50 nm were used as starting materials in this study. 
B. SLM process
The TiC/Inconel 718 parts were processed using a SLM experimental setup that mainly consisted of a continuous wave IPG Photonics Ytterbium YLR-200-SM (IPG Laser GmbH, Germany) fiber laser with a maximum output power of 200 W, an automatic powder delivery apparatus, an inert argon gas protection system, and a computer system for process control. The schematic of SLM process is plotted in Fig. 1(a) . When specimens were to be prepared, all the SLM experiments were conducted in an argon environment with an outlet pressure of 30 mbar and the resultant oxygen concentration decreased below 10 ppm. Based on a series of preliminary experiments, the three main parameters involved in the shaping process including the constant laser scan speed (v) at 400 mm/min, the laser beam diameter (d) of 70 lm, and the laser power (P) varied from 80 to 130 W. An integrated parameter "laser energy density" (g), which was defined by:
was used to estimate the laser energy input to the powder layer being processed. Thus four different laser energy densities g of 3, 3.9, 4.7, 5.1 kJ/mm 3 were determined to study the influence of different laser parameters on processability and attendant microstructural and mechanical properties of SLM-processed composite parts. The bulk-form specimens with dimensions of 8 mm Â 8 mm Â 6 mm were successfully shaped in a layer-by-layer way. The asprepared nanocomposite parts exhibited good surface finish and sample integrity without dimensional distortion [ Fig. 1(b) ].
C. Microstructural and mechanical properties characterization
Phase identifications of SLM-processed TiC/Inconel 718 composite parts were performed by a D8 Advance x-ray diffractometer with Cu K a radiation at 40 kV and 40 mA, using a continuous scan mode. The fabricated samples were mounted, polished, and etched in line with the standard procedures for metallographic observation. Microstructures were characterized using a scanning electron microscopy (SEM; Hitachi model S-4800, Japan) at an accelerating voltage of 3 kV, fitted with an energy dispersive x-ray spectroscopy (EDX, EDAX Inc.) system.
The Vikers hardness was measured using a HXS-1000A microhardness tester (Shanghai Precision Instruments, China) at a load of 0.2 kg and an indentation time of 20 s. Dry sliding wear tests were carried out in a HT-500 ball-on-disk tribometer at room temperature. A 3-mm diameter bearing steel GCr15 ball with a mean hardness of HRC60 was taken as the counterface material, using a test load of 4.3 N. The friction unit was rotated at 560 rpm for 15 min and the rotation radius was 2 mm. The coefficient of friction (COF) was recorded during the sliding tests. The wear volumes (V) of specimens were determined gravimetrically using:
where M loss was the weight loss of specimens after tests and q was the density. The wear rates (x) were calculated by:
where W was the contact load and L was the sliding distance.
III. RESULTS AND DISCUSSION

A. Phase identification
The typical x-ray diffraction (XRD) patterns of SLMprocessed TiC/Inconel 718 parts under various processing conditions are depicted in Fig. 2 . Generally, the strong diffraction peaks belong to Ni-Cr-Fe matrix and the TiC Q. Jia et al.: Selective laser melting of TiC/Inconel 718 bulk-form nanocomposites phase in weak peak intensities were detected. As viewed in Fig. 2 , the 2h locations of matrix phases in SLM-processed parts shifted to higher Bragg angles on increasing the input laser energy density, which was believed to be caused by the distortion of lattice due to the incorporation of TiC reinforcing particles throughout the matrix.
14 A careful comparison showed that the TiC diffraction peak became considerably broadened while the peak intensities decreased with the enhancement of the applied g, implying the formation of refined TiC grains of SLM-processed parts.
B. Densification behavior Figure 3 shows the appearance of molten pool within the vertical sections of SLM-processed TiC/Inconel 718 parts. In experiments, the relative density of SLM-processed specimens was determined on the basis of Archimedes method in deionized water. The changes in measured relative densities of corresponding parts are illustrated in Fig. 4 . The molten pool morphologies experienced significant changes with different laser energy density inputs. Layerwise microstructural features were generally observed as a result of the layer-by-layer deposition manner of the SLM shaping process. At a lower g of 3 kJ/mm 3 , largersized pore chains which crossed over multiple layers were clearly observed [ Fig. 3(a) ]. The molten pool morphology in irregular and poorly bonded characteristics was observed between the neighboring scanning tracks and layers, leading the densification response by merely 80.7% (Fig. 4) .
On increasing the applied g by enhancing the input laser power, irregular micropores were found to be diminished and dispersed within the interlayer bonding areas even though the distribution state of layers were still uneven, resulting in a markedly increased densification rate of 92.4% [Figs. 3(b) . It should also be noted that the metallurgical bonding between the adjacent layers and scanning tracks was both well developed in the latter two cases.
During the SLM AM process, the molten pool in each layer was comprised of the previously solidified materials as well as the freshly deposited powder particles. This characteristic was particularly important for obtaining the stable bonding property between each layer, which also guaranteed the densification behavior and microstructural development of the whole part. In the present study, the success of obtaining dense and homogeneously distributed layers hinged on the coordination of the SLM conditions used during the shaping process. At an insufficient laser power input, weak interlayer bonding can occur due to the poor dilution between the previously solidified materials and the freshly spread layer, leaving the interlayer pores in the finished part. In this case, less energy was absorbed within the molten pool and the resultant temperature was 
relatively low, which caused insufficient melting of the reinforcements. According to previous study, 15 the viscosity of a solid-liquid mixture (l) is dependent on the operative temperature (T) within the molten pool and is inversely proportional to T. Thereby the dynamic viscosity was enhanced at a lower operative temperature and thus inhibited the melted liquid from spreading out smoothly, which in turn caused the formation of weak bonding between the neighboring scanning tracks and the resultant limited densification response. As the optimum laser parameters were preset, the densification rate can be markedly improved lying in the good bonding capability between the neighboring layers and scanning tracks.
Besides the above analyses, the wettability between the ceramic particles and the Inconel matrix also played a significant role in determining the densification behavior of SLM-processed composite parts. For a reactive wetting system of liquid metals on ceramic phase, the equilibrium contact angle h eq can be approximately assessed as:
where c lv , c sv , and c ls are the interface tensions of liquid metal-vapor, reacted ceramic-vapor, and liquid metalreacted ceramic, respectively. c lv may vary during reaction as the reaction product may diffuse into the liquid while c ls was normally in linear negative correlation with the operating temperature. 17 An increment in the applied g elevated the worktable temperature and lowered c ls , which accordingly decreased the contact angle on basis of the above equation. The improved liquid wettability was therefore obtained, favoring sufficient consolidation and elevating the densification level of the SM-processed composite system. Figure 5 shows the influence of applied g on microstructural evolutions of SLM-processed TiC/Inconel 718 composite parts at a relatively lower magnification. Higher magnifications on specific positions were used, as shown in Fig. 6 , for studying the corresponding characteristic microstructures. At a lower input g of 3 kJ/mm 3 , intermittent dendrites combined with crystalline lumps were observed [ Fig. 5(a) ]. The quantitative element analysis by EDX revealed that the lumps were mainly composed of Ni, Cr, and Fe elements, indicating that the lumps were part of the columnar dendrites. Higher magnifications revealed that the TiC reinforcements, which were proved by EDX analysis with an atomic ratio approximately to 1:1 of Ti and C elements, experienced severe agglomerations during the solidification process [ Fig. 6(a) ]. As the applied g increased to 3.9 kJ/mm 3 , large amounts of particles could be observed, whereas the amounts of lumps decreased to a great extent [ Fig. 5(b) ]. The submicrometer-sized TiC reinforcements in an initial polygon structure could be distinguished even though the particles were still found to be agglomerated at a magnified state [ Fig. 6(b) ]. On increasing the applied g to 4.7 kJ/mm 3 , a typical epitaxial growth of columnar dendrites was formed in this instance [ Fig. 5(c) ]. The surface of the TiC reinforcing particles became apparently smoothened and its dispersion state became much more homogeneous [ Fig. 6(c) ]. As the further enhanced g of 5.1 kJ/mm 3 was properly settled, the directionally solidified slender columnar dendrites were obtained [ Fig. 5(d) ]. The observed reinforcement particles became significantly refined, which was in good accordance with the XRD analyses, exhibited a near spherical morphology with an average size of ;50 nm and a uniformly dispersed state throughout the matrix [ Fig. 6(d) ]. It should be noted that the nanomaterials can be defined as materials which have structured components with size less than 100 nm in at least one dimension. 18 On this basis, it can be concluded that the SLM-processed TiC/Inconel 718 nanocomposite part with uniformly distributed nanostructured TiC reinforcements was obtained in this case. In this instance, ultrafine round particles were also clearly observed throughout the columnar matrix, which were believed to be precipitations obtained during the nonequilibrium solidification process in our previous study. 19 In the process of SLM, the energy is rapidly absorbed by the powder materials through both bulk-coupling and powder-coupling mechanisms as the high-energy laser beam scans over the powder bed. 20 Basically, most of the heat induced by laser irradiation was dissipated through the substrate or previously solidified materials, leading to an important thermal temperature gradient along the building direction. This facilitated the nucleation and epitaxial growth of the typical columnar dendrite architectures toward the opposite heat transmitting direction, which have also been found by other authors working on AM processes of nickel-based superalloys. 21, 22 The variations of internal energy and thermodynamic potentials caused by heat accumulation and temperature development under different laser energy densities were believed to be responsible for the microstructure changes. 23 According to previous study, 24 the high G/R (G is the temperature gradient and R is the solidification speed of crystals) was regarded as the driven force for the nucleation and growth of crystallographically oriented columnar dendrites. With the increment of the input laser energy density, the working temperature could be elevated   FIG. 6 . High-magnification SEM-images showing characteristic microstructures in SLM-processed parts in (a) Fig. 5(a); (b) Fig. 5(b); (c) Fig. 5(c) ; (d) Fig. 5(d) .
C. Microstructural characteristics
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while the liquid cooling time became comparatively prolonged as more energies were absorbed within the molten pool. This provided the strengthened thermal kinetic conditions for the directional growth of columnar dendrites by improving the temperature gradient and the resultant decrement of crystal solidification speed.
As the applied laser energy density increased, more liquid contents were formed within the molten pool due to the elevated temperature and subsequently melted powders around. The edges of the reinforcements were therefore melted with sufficient wetting of the surrounding liquid in the molten pool, favoring significant smoothening and refinement of the initially added TiC particles. On the other hand, the distribution state of the reinforcement particles mainly depended on the interactions between the solid particles and the dynamic Marangoni flow within the micrometer-sized molten pool. 25 During the SLM shaping process, the laser beam power in a Gauss energy distribution was taken as the energy source to melt the prespread composite powders. The surface tension gradient within the molten pool would necessarily be generated as a result of the local temperature gradient and chemical concentration gradient, leading to the formation of Marangoni convection. The liquid capillary force was therefore formed under the function of the convective stream within the molten pool, which subsequently exerted on the solid particles and facilitated its movement and rearrangement. However, it is worth noting that the intensity of the Marangoni flow was inversely proportional to the viscosity within the molten pool. 26 As elucidated previously, the viscosity of the present solid/liquid composite system is dependent on the working temperature and changes inversely with it. Therefore, as the applied laser energy density increased, the intensified Marangoni flow resulting from the reduced viscosity can effectively accelerate the rearrangement of solid particles, favoring the formation of TiC/Inconel 718 nanocomposites with uniformly distributed reinforcements.
D. Microhardness and wear performance
The average microhardness values measured on the polished sections of SLM-processed TiC/Inconel 718 composite parts are depicted in Fig. 7 . On increasing the applied g from 3 kJ/mm 3 to 5.1 kJ/mm 3 , the microhardness increased markedly from 360 HV 0.2 to 419 HV 0.2 . It should be pointed out that the mean microhardness has exceeded that of the ordinary smelted pure Inconel 718 parts followed by heat treatment (383 HV 0.2 ) as applied g increased to 3.9 kJ/mm 3 (386 HV 0.2 ). Obviously, the improved densification behavior and uniformly distributed microstructures were the main contributions for the microhardness enhancement of SLM-processed composite parts. Moreover, the matrix grains of SLM-processed parts were normally much finer than those obtained by conventional casting procedures or other laser processing technologies based on powder blow feeding, due to the micrometer-sized molten pool induced by the focalized laser spot and the elaborately prespread powder layers with thickness of merely dozens of micrometer. This undoubtedly made considerable contributions to the improvement of microhardness of SLMprocessed parts by virtue of the fine grain strengthening effect. Nevertheless, the effect of precipitations also played a significant role on microhardness improvement by virtue of its inherent higher hardness as well as the distinctive lattice structure compared with the columnar matrix.
The changes of friction coefficients and wear rates of SLM-processed composite parts are illustrated in Figs. 8  and 9 , respectively. Compared with our previous study, This was attributed to the relatively higher surface roughness that led to the reduced contact area between wear counterparts and the resultant severe fluctuation of the COF. With the sliding friction process extending, the fluctuation behavior of the COF became leveled off owing to the decreased surface roughness.
The COF fluctuations reduced significantly with the increment of the input laser energy density in the present study. At a relatively low g of 3 and 3.9 kJ/mm 3 , the COFs with respective average values of 0.58 and 0.46 both showed severe fluctuations with sliding time extension. In these two cases, the wear rates were accordingly measured to be 5. Figure 10 illustrates the detailed SEM photograph investigations on the corresponding worn surfaces of the SLM-processed composite parts. Higher magnifications on specific locations in structures were also studied, as shown in Fig. 11 , for having a better understanding of the inherent wear mechanisms. As is clear in the images, the worn surface morphologies varied greatly from the applied laser energy density and the wear mechanism in the present study was primarily dominated by adhesive and abrasive types of wear. At a lower g of 3 kJ/mm 3 , the surface roughness of the worn parts was relatively high with evidence of observed severe material delamination and spallation [ Fig. 10(a) ], leading to higher material loss and COF fluctuation behavior. Higher magnifications revealed that the flake-like wear scars were found to be adherent on the worn surface which were believed to be the typical characteristics of adhesive wear [ Fig. 11(a) ]. Mild scratches with less wear debris residual were formed on the worn surface as g increased to 3.9 kJ/mm 3 [ Fig. 10(b) ]. Closer investigation revealed that the wear debris was mainly composed of ultrafine grains, which contributed to the severe COF fluctuations in this case [ Fig. 11(b) ]. The worn surface During the present study, the dry sliding wear tests were measured based on the interaction between the counterface ball and the subjected parts, wherein the densification level, microstructures, and microhardness exerted a basic role in determining the wear properties. At a lower laser energy density input, the limited relative density and microhardness were believed to be responsible for the higher wear rate due to the shearing force acting between the sliding surfaces. Massive materials were pulled out under the effect of the friction force and the penetration inside the sample, causing the wear mechanism to change from two-body to three-body wear mechanism. As the sliding action continued, the loss debris became work hardened and then welded themselves to the surface of the wear track driven by the friction generated heat, which in turn resulted in highly fluctuating friction coefficients as a result of the moving parts sticking. 27 On increasing the applied laser energy density, the densification level and microhardness of fabricated parts were comparatively improved. The loose wear debris was crushed into ultrafine grains under the roller compaction effect between the friction pairs, resulting in exacerbated fluctuations of COFs. The wear resistance can be markedly enhanced on increasing the applied laser energy density by virtue of the obtained even-higher densification level and microhardness. 28 This directly resulted from the significantly improved load capability and the resultant decreased contact area of the subjected samples. Moreover, the uniformity of the reinforcement microstructures also exerted an important role in influencing the stability of friction coefficients. The uniformly distributed hard reinforcements in the composite material could act as a supporting net, which provided excellent wear resistance albeit against the abrasion of the counterface ball and wear debris.
IV. CONCLUSIONS
(i) The densification activity of SLM-processed TiC/Inconel 718 parts was controlled by the applied laser energy density. A near-full 98.3% density was obtained as a laser energy density of 5.1 kJ/mm 3 was properly settled, while the samples prepared at other SLM conditions showed different degrees of decrement due to the formations of either larger-sized pore chains or interlayer micropores.
(ii) The TiC reinforcements experienced successive changes on increasing the applied laser energy density: severely agglomerated -polygon structured -smoothened and refined, while the distribution state of which became more and more homogeneous. The epitaxial growth characteristic of the columnar dendrite matrix was markedly enhanced with the increment of laser energy density. /N m was obtained during the dry sliding wear tests, which can be attributed to the improved densification level, microhardness, and the uniformly dispersed reinforcement microstructures.
